In this study, we investigated the effects of peritoneal dialysis on hemorheological and hematological parameters and their relations with oxidant and antioxidant status of uremic patients. Hemorheological parameters (erythrocyte deformability, erythrocyte aggregation, osmotic deformability, blood and plasma viscosity) were measured in patients with renal insufficiency undergoing peritoneal dialysis (PD) and volunteers. Erythrocyte deformability, osmotic deformability and aggregation in both autologous plasma and 3% dextran 70 were measured by laser diffraction ektacytometry. Enzyme activities of glutathione peroxidase, superoxide dismutase and catalase were studied in erythrocytes; lipid peroxidation was studied by measuring the amount of malondialdehyde in both erythrocytes and plasma samples. Blood viscosity at native hematocrit was significantly lower in PD patients at all measured shear rates compared to controls, but it was high in PD patients at corrected (45%) hematocrit. Erythrocyte deformability did not show any difference between the two groups. Osmotic deformability was significantly lower in PD patients compared to controls. Aggregation index values were significantly high in PD patients in plasma Catalase and glutathione peroxidase activities in erythrocytes were decreased in PD patients whereas superoxide dismutase activity was increased compared to controls. Malondialdehyde was significantly increased in erythrocytes and plasma samples of PD patients which also shows correlations with aggregation parameters. It has been concluded that erythrocytes in PD patients are more prone to aggregation and this tendency could be influenced by lipid peroxidation activity in patient's plasma. These results imply that uremic conditions, loss of plasma proteins and an increased risk of oxidative stress because of decreasing levels of antioxidant enzymes affect erythrocyte rheology during peritoneal dialysis. This level of distortion may have crucial effects, impairing the blood flow dynamics and causing inadequate microcirculatory perfusion.
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Introduction
Erythrocytes are continuously exposed to hyperosmolarity in the kidney medulla. While they are passing through these areas, the contact time of erythrocytes is too short to induce eryptosis [1, 2] . Erythrocytes normally defend themselves via their antioxidant systems against oxidative stress in vivo. They are also protected by the inhibition of cation channels by Cl -and blunting sphingomyelinase by high urea concentration prevailing in kidney medulla [2] . Osmotic cell shrinkage opens non-selective cation channels in the erythrocyte membrane [3] . These channels are also activated by oxidative stress. Hence, exposure to osmotic shock or oxidative stress triggers Ca 2+ uptake of erythrocytes and Ca 2+ stimulates cell membrane scrambling with breakdown of phosphatidylserine asymmetry of the erythrocyte membrane. Thus, this leads to the translocation of phosphatidylserine to the erythrocyte surface and subsequent erythrocyte death. [2] [3] [4] . Kidney failure also causes decrement in their capacity of producing hormones, particularly erythropoietin (EPO). EPO is an essential hormone for erythrocyte production and so, anemia commonly occurs in people with end stage renal disease (ESRD) [5] . Besides the lack of EPO, shortened erythrocyte lifespan has been accepted as one of the contributory factors to anemia in patient with ESRD [6, 7] . Peritoneal dialysis (PD) is one of the most popular dialysis methods in patients with ESRD since 1980s. In that method, a soft catheter is used to fill the abdomen with a cleansing liquid. The walls of the abdominal cavity are lined with a membrane (peritoneum), which allows waste products and extra fluid to pass from blood into the dialysis solution. The solution contains dextrose that will pull wastes and extra fluid into the abdominal cavity. These wastes and fluid then leave the body when the dialysis solution is drained. In the literature, several researchers have investigated the oxidative and osmotic effects of PD on blood. One of these studies showed significant changes of antioxidant enzyme activities in PD patients [8] . They also pointed out that the PD provided better antioxidant protection than other types of therapy in ESRD. In another study, hemodialysis, peritoneal dialysis and predialysis patients had significantly higher levels of products derived from molecular oxidation with a significant decrease in antioxidant enzymes than the control, but PD group had a better oxidative balance compared to others [9] .
Hemorheological studies have been performed to explain the consequences of anemia in patients with ESRD, who mostly use erythropoietin to cure anemia caused by the low production of EPO. One of these studies showed decreased erythrocyte deformability in PD patients compared to control subjects, whereas this parameter was not altered in hemodialysis patients [10] . They also reported that the activity of antioxidant enzymes did not change in both dialysis groups. In another study, uremic patients had lower erythrocyte deformability than control subjects [11] . Szikszai et al. showed increased relative cell transit time, which is negatively correlated with the erythrocyte deformability and malondialdehyde (MDA) levels, not only before but also after hemodialysis compared to controls [12] . These results concluded that hemodialysis (HD) did not cause any erythrocytes injury [12] . It was also observed in another study that the patients with renal insufficiency had significantly increased aggregation index (AI) and significantly reduced elongation index (EI) values. It was supposed that imbalance between catalase (CAT) and superoxide dismutase (SOD) activities might play crucial role in the impairment of erythrocyte rheological properties [13] . In our study, we focused on peritoneal dialysis and aimed to investigate its effects on the rheological parameters and the relationship with the oxidative enzymes in patients undergoing peritoneal dialysis.
Materials and methods

Selection criteria for patients and controls
A list of patients (n = 24) with ESRD who have been undergoing continuous ambulatory peritoneal dialysis (CAPD) or automated peritoneal dialysis (APD) for at least one year was obtained from the Department of Internal Medicine, Division of Nephrology of Istanbul Faculty of Medicine (Istanbul University, Turkey). Patients who had blood transfusions in the last three months or those who experienced any bleeding were excluded. Patients used different dialysis solutions according to their conditions (Baxter Healthcare, www.baxter.com or Fresenius Medical Care AG, www.fresenius.com). 27 individuals were included in the study as controls. Controls were selected for the experiments if (1) Blood urea nitrogen (BUN) levels were within normal range (less than 1.2 mg/dL) and (2) Serum creatinine levels were also within normal range (less than 1.2 mg/dL). Demographic, hematological and biochemical features of two groups are listed in Table 1 . This study was approved by the Ethics Committee of Istanbul 
Sample preparation
Fresh venous blood samples were collected from patients and control subjects into 10 ml vacutainer tubes containing K 2 -EDTA. Briefly, whole blood was centrifuged at 1400 x g for 5 min and plasma was separated. For aggregation measurements, erythrocytes were prepared either with autologous plasma or isotonic phosphate buffered saline (PBS, 290 mOsm/kg, pH 7.4) containing 3% Dextran 70 (MW 70 kDa; Sigma Chemical Co., St. Louis, MO, USA) at a hematocrit (Hct) of 45%. For the measurements of erythrocyte deformability, the Hct of whole blood was adjusted to the level of 45%, as well.
Hematological and biochemical parameters
Hematological parameters of the participants were determined by an electronic hematology analyzer (ABX Micros 60, Montpellier, France). Biochemical parameters of the patients were obtained from the patients records. Viscosity measurements. Whole blood viscosity (BV) at native and corrected Hct (45%) was measured at shear rates of 75, 150, 185, 300, 375, 750, 1350 and 1500 s -1 and plasma viscosity was measured at a shear rate of 300 s -1
. All measurements were performed by a cone/plate viscometer (Wells-Brookfield Cone/Plate Viscometer, Middleboro, MA, USA) at 37˚C.
Measurements of erythrocyte deformability and osmotic gradient deformability. Erythrocyte deformability was measured by a laser-assisted optical rotational cell analyzer (LORCA MaxSis, Mechatronics, Netherlands). The methodology that we used in this study was previously described by Hardeman et al [14] . Erythrocyte deformability was measured at 37˚C applying ten different shear stresses from 0.3 to 50 Pa and determined by the change in elongation index (EI) with applied shear stresses. Maximal erythrocyte elongation index (EI max ) and the shear stress required for one-half of this maximal deformation (SS 1/2 ) were calculated using the Lineweaver-Burke (LB) model [15] .
Osmotic deformability of erythrocyte was assessed at 37˚C by the Osmoscan test (LORCA MaxSis, Mechatronics, Netherlands) with a constant shear stress of 30 Pa. Briefly, 200 μl of whole blood was added to 5 ml of PVP solution (Osmolality: 296 mOsm/kg), gently mixed and applied into the measuring chamber. As a measure of deformability, erythrocyte elongation was recorded continuously while the osmolality of the suspending medium was gradually changed from 100 mOsm/kg to 500 mOsm/kg via an automated program in the ektacytometer. The parameters calculated by the device are as follows: maximal elongation index values measured at a shear stress of 30 Pa (EI max ), minimal elongation index values measured at a shear stress of 30 Pa at low osmolar conditions (EI min ), measureable elongation index values at a shear stress of 30 Pa at high osmolar conditions (EI hyper ), osmolality at minimal EI (O min ), osmolality at maximal EI (O max ), osmolarity at EI hyper (O hyper ), and the areas under the individual osmolality-elongation index curves [16] .
Measurements of erythrocyte aggregation. Erythrocyte aggregation was analyzed by a laser diffraction ektacytometer system (LORCA, MaxSis, Mechatronics, Netherlands). The aggregation process is evaluated by the change in the intensity of back-scattered light by time, and it is plotted as a graph called syllectogram [17] . The following parameters of aggregation were calculated automatically: Extent or amplitude of aggregation (AMP), kinetics of aggregation expressed by the aggregation half-time (t½) and the aggregation index (AI) which shows the kinetics and amplitude of aggregation [17] . The study was performed at 37˚C. Erythrocyte aggregation indices were measured twice in whole blood with their autologous plasma and in suspensions of 3% dextran 70 solution.
Assays for oxidative stress and antioxidant status. Enzyme activities of Glutathione peroxidase (GPx), Superoxide dismutase (SOD) and Catalase (CAT) were studied in erythrocyte lysates by assay kits (Cayman Chemical, Michigan, USA). Lipid peroxidation was studied via measuring the amount of Malondialdehyde (MDA) in both erythrocyte and plasma samples by the Lipid Peroxidation Assay kit (ab118970, Abcam, Cambridge, MA, USA) according to the procedures of the manufacturers. All assays were prepared in 96 well plates and studied in duplicates. Measurements were performed spectrophotometrically by a plate reader (Hybrid Reader, Synergy H1, BioTek, VT, USA) and calculations were done by plotting a standard curve except for the GPx assay, which was measured by a time scale.
Statistical analysis
The results are reported as mean ± standard deviations. Normality of the data was tested using the Shapiro-Wilks test (GraphPad Software Inc, Release 4.0, USA). For normally distributed dependent variable, parametric test-student's unpaired t-test was used to compare measurements between the two groups. For those parameters that are not normally distributed, nonparametric test-Mann-Whitney U-test was employed for comparisons. Correlation analysis for the results of the enzymatic activity assays with the data from hemorheological studies were performed by Pearson or Spearman tests where applicable. Level of significance was accepted to be 0.05. Non-linear curve fitting to determine EI max and SS 1/2 was carried out using a commercially available software (GraphPad Software Inc, Release 4.0, USA).
Results
Erythrocyte count, Hct and total hemoglobin concentration were lower in PD patients than that of controls. Red cell distribution width (RDW), mean corpuscular hemoglobin (MCH) and mean corpuscular hemoglobin concentration (MCHC) increased in patients, whereas mean corpuscular volume (MCV) was not significantly different between the patients and controls. Biochemical parameters of the patients are shown in Table 1 . The BUN, serum creatinine and C-reactive protein (CRP) levels were significantly higher in PD patients. Patients who had erythropoietin treatment had significantly lower erythrocyte counts (p = 0.028), Hb (p = 0.001) and Hct (p = 0.013) than non-treated patients. MCV, MCH and MCHC values of the patients did not change with erythropoietin usage.
The blood viscosity (BV) at native and corrected Hct levels are presented in Fig 1. The BV at native Hct showed significant differences between the two groups at all shear rates (p 0.05). When Hct was adjusted to 45%, the BV significantly increased in PD patients at all measured shear rates compared to controls (p 0.05). Furthermore, plasma viscosity was also significantly higher in patients (1.9 ± 0.24 cP) than controls (1.4 ± 0.17 cP, p<0.0001).
Erythrocyte deformability was evaluated through EI, EI max and SS 1/2 values. Maximum elongation index (EI max ) values were 0.67 ± 0.01 and 0.66 ± 0.01, whereas SS 1/2 values were 3.30 ± 0.52 and 3.18 ± 0.55 in PD patients and controls, respectively (Fig 2B and 2C) . Accordingly, erythrocyte deformability was not statistically different in PD patients from controls (Fig 2A) . Fig 3 presents representative cumulated EI-osmolarity curves. We found significant differences in some parameters of osmotic deformability between patients and controls ( Table 2) . Minimal elongation index values at low osmolar conditions were significantly lower in PD patients compared to controls (p = 0.042), while maximal elongation index values were similar in both groups (p = 0.12). Measureable elongation index values at high osmolar conditions (EI hyper ), the osmolarity at minimal EI (O min ) and the osmolarity at maximal EI (O max ) were not different in patients from controls (p = 0.11, p = 0.35, p = 0.76 respectively). Furthermore, the osmolarity at EI hyper (O hyper ) was significantly low in PD patients compared to controls (p = 0.019). The areas under the individual osmolarity-elongation index curves of patients and controls were significantly different (p = 0.012) where patients exhibited lower area values than controls.
Erythrocyte aggregation measurements were done both in autologous plasma and 3% Dextran 70. PD patients showed significantly higher AMP and aggregation index (AI) values than controls in plasma (p = 0.034 and p<0.0001, respectively) but not in dextran solution (Fig 4A  and 4B) . Considering the kinetics of aggregation, PD patients exhibited significantly lower t½ values in plasma (p<0.0001) but not in dextran compared to controls (Fig 4C) .
The activities of antioxidant enzymes in patients and controls are shown in Table 3 with their respective units of concentration. GPx and CAT activities in erythrocyte lysates of PD patients were significantly lower than controls (p = 0.0009, p = 0.04, respectively). However, SOD activity increased in erythrocytes of PD patients (p = 0.02). On the other hand, MDA levels in both erythrocyte and plasma samples were higher in patients than controls, which was statistically significant (p = 0.014 and p = 0.01, respectively). Antioxidant enzyme activities were analyzed for any correlation with the hemorheological data. Plasma levels of MDA were positively correlated with t½ values in plasma samples of the patients (r = 0.6, p = 0.003). However, negative correlations were observed with AI (r = -0.6, p = 0.003) and AMP values in plasma (r = -0.6, p = 0.002). Considering erythrocyte deformability, there was no correlation with enzyme activities in patients and controls. Furthermore, activities of GPx, CAT and SOD did not show any correlation with hemorheological parameters. 
Discussion
Erythrocytes may be affected from osmotic alterations during peritoneal dialysis, even though they are not exposed to any mechanical contact. It is strongly possible that they are faced with alterations in osmolality more or less during the exchange between blood and peritoneal cavity. In addition, the different dialysis solutions are used with different glucose concentrations for the peritoneal dialysis treatment [18] . Therefore, we measured osmotic deformability that means measuring elongation index as a function of osmolality at a constant shear stress. Osmotic deformability measurements were performed at a constant SS of 30 Pa. Previously, it was shown that the osmotic deformability measurements are the most stable if SS is 30 Pa [19] .
EI min represents the point at which the cells were maximally swollen and therefore spherical [16] . We found significantly reduced EI min values in PD patients (Table 2 ). Low EI min shows us the resistance of the erythrocytes in PD patients decreased due to the hypoosmolality. Whereas, EI max which shows deformability at isotonic level, did not change in patients compared to controls. In addition, we also found significant difference in area measurements between PD patients and controls. Our paper presents the first study of the osmotic deformability changes of erythrocytes of the peritoneal dialysis patients with ESRD. The measurements of osmotic deformability usually detect minor alterations in erythrocyte surface area or volume, and in intracellular viscosity resulting from changes in MCHC [16] . Reduced surface area of cells shows an increase in EI min despite their normal water contents, because less swelling is required to expand their reduced surface area. Therefore, any changes in osmotic deformability should be considered as an important sign for cellular defects and it might provide information about the level of damage in erythrocytes. Although there was no significant change in erythrocyte deformability, osmotic gradient deformability significantly decreased in the EI min and O hyper parameters. It has been shown that decrement in EI min and O hyper occurs as a result of increase in intracellular viscosity which results from osmotic water loss and Hb changes [20] . The significant rise in MCH and MCHC of our patients supports previous findings and explains our osmotic deformability decrements. Similar MCV values in PD patients and controls revealed that there was not any change in erythrocyte volume, so intracellular viscosity alterations are substantially responsible for the osmotic deformability loss. Anemia is a common problem for patients suffering from ESRD due to the insufficiency of erythropoietin production. Previously, it was shown that erythrocyte survival rate of these patients was less than approximately 20% of controls in both hemodialysis (HD) and peritoneal dialysis (PD) patients and most of ESRD patients were supported by an erythropoiesis stimulating agent (ESA) [6] . In our study, all patients had lower Hct than control subjects. In [25] . But later on, it was shown that erythropoietin treatment did not change erythrocyte deformability but it increased the whole blood platelet aggregation [23] . These findings let us to ignore the ESA-treatment for the erythrocyte hemorheological measurements.
In the circulation, blood viscosity varies with shear rate conditions: blood becomes less viscous at high shear rates. At the low shear rates, erythrocytes normally start to aggregate and the erythrocyte aggregation is disrupted at high shear rates. However, non-physiological conditions, such as acute effects of inflammation (increased levels of fibrinogen and other large serum proteins) cause larger aggregates in the vascular network. So, the large aggregates may lead to high blood viscosity causing slow flow stream in the vasculature [26] . According to our data, patients have high CRP, creatinine and BUN levels and it is expected for the erythrocyte to be affected by these circumstances. We measured erythrocyte aggregation in PD patients. Although in the literature there are many hemorheological measurements in hemodialysis patients including erythrocyte aggregation, studies for the evaluation of hemorheological parameters in peritoneal dialysis are limited [27] . The possible reasons might be that the aggregation behavior of erythrocyte has not yet been widely put into practice and the difficulties of following the variable procedures in peritoneal dialysis patients. Recently, Fontana et al. showed that the erythrocyte aggregation was not significantly different in PD patients compared to control subjects [27] .
However, RBC aggregation was measured indirectly in their study [17] , whereas RBC aggregation is presented here through direct parameters; AI, AMP and t 1/2 . We showed that the AI was significantly higher in patient plasma (Fig 4) . Our result is in contrast with the previous study [27] . On the other hand, another study showed that the patients with renal insufficiency had significantly increased AI levels compared to the volunteers [13] . In our study, we also presented two different parameters: t ½ as kinetics of aggregation half time and AMP which indicates total extent of aggregation. The AMP was not significantly different in PD patients compared to the controls in dextran, whereas it was significantly increased in PD patients in plasma. We interpreted that increased AMP is more relevant for plasma rather than erythrocyte itself. However, according to decreased t ½ in plasma, formation of rouleaux is faster in plasma than in dextran solution for PD patients compared to the controls. Hence, we concluded plasma factors (uremia, CRP, globulins etc.) cause rouleaux formation to occur faster than it does in the control group, which is a risk factor for microcirculation. These aggregation dynamics are also presented for the first time for PD patients.
Previously, it was shown that PD patients have higher plasma viscosity than the HD patients and control subjects [28] . McGregor et al demonstrated that higher plasma viscosity in PD patients comparing to HD patients that was mainly due to higher fibrinogen levels [29] . More recently, another study confirmed that the plasma viscosity levels are high in PD patients, but they explained it via high γ-globulin values [27] . In our study we also found higher plasma viscosity levels in PD patients than in control. Similarly, we found significantly higher BV values in patients than in control when Hct was corrected to 45% [27, 29] , while the BV at their native Hct was significantly lower in PD patients compared to controls. Viscosity is an important parameter for the cardiovascular system and high viscosity has been accepted as a risk factor for a long time. Our results show that, in PD patients, Hct should be less than normal for better microcirculation and macrocirculation.
Previous studies showed that the antioxidant capacities of blood was altered in chronic renal failure and dialysis patients [12, [30] [31] [32] . In this study, the antioxidant capacity of PD patients was worsened significantly with a decrease in GPx and CAT and with an increase in MDA (Table 3) , confirming previous studies [8, 30] . The higher MDA levels imply an increase in production of oxygen derived free radicals [33] . It is possible that elevated MDA levels are due to decreased antioxidant activity. However, we found higher SOD activity in PD patients than controls, which is also showed by Martin-Mateo et al [31] . Moreover, in the same study, they found high CAT activity in contrast to our result. Increased SOD activity in PD patients in our study could be due to the altered concentrations of essential trace elements like copper (Cu) which is an important co-factor of SOD enzyme. Since Cu concentration is known to be increased in these patients due to the dialysis [34] , it is possible that SOD activity is elevated in PD patients in our study. On the other hand, we showed that these alterations did not significantly affect erythrocyte deformability because none of the enzyme activities showed any correlation with deformability.
In conclusion, our study presents clear evidence that peritoneal dialysis is associated with erythrocyte rheological disturbances expressed by increased erythrocyte aggregation and the alteration of total aggregation extent, decreased osmotic deformability, increment in plasma viscosity and blood viscosity. In PD patients, imbalance between oxidant/antioxidant status accompanies these erythrocyte rheological distortions, so such alterations together in erythrocyte would increase in vivo destruction and reduce their life span, contributing to anemia. This study also showed that an osmotic gradient ektacytometer is a very sensitive tool for detecting minor erythrocyte damages in PD.
